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ABSTRACT: We report waveguide-addressed plasmonic−photonic
resonators that generate beams of controlled orbital angular momentum
and spin angular momentum content upon driving through a waveguide.
From phase-gradient metasurfaces, we borrow the idea of carefully
combining multiple nanoscale resonators in a repeat unit, from which we
build periodic rings that decorate microdisk resonators. We describe the
general mode structure of microdisk cavities perturbed by antenna arrays
on the basis of a quasinormal mode formalism and present a strategy to
simultaneously control the orbital and spin angular momentum content
of light outcoupled to the far field. We propose a realization that uses
silicon nitride disks and aluminum nanorod antennas. We find excellent polarization and orbital angular momentum (OAM) purity,
as benchmarked by polarization-resolved interferometric Fourier microscopy on single devices.

KEYWORDS: localized plasmons, microcavities, orbital angular momentum beams, polarization control,
hybrid plasmonic−photonic resonators, phase-gradient metasurface, Fourier microscopy

Angular momentum has long been known to be carried by
light, since the experiments and theory by Poynting and

Beth1,2 on the mechanical torque experienced by objects in
circularly polarized beams. Further, both spin and orbital
angular momentum have been known to appear in quantum
mechanical selection rules since the early development of
quantum mechanics.3 However, it is a seminal paper from
Allen et al. in 19924 that introduced the concept of generating
and detecting pure orbital angular momenta of paraxial beams.
For paraxial beams, the total angular momentum decomposes
as spin angular momentum, i.e., circular polarization, and orbital
angular momentum (OAM), which is purely ascribed to
characteristics of the phase profile of the electromagnetic
wave and not its polarization.4 OAM beams carry an optical
vortex in their center, i.e., a zero in intensity around which the
phase increments an integer number of 2π (azimuthal

dependence ei ϕ for integer ).5 The properties of light
beams carrying OAMs can be used for various applications,
ranging from imaging6−9 and micromanipulation4,10−13 to free-
space communication and quantum information.14−17 Fur-
thermore, angular momentum is of large interest in nano-
photonics, i.e., outside the limit of the paraxial approximation,
where orbital and spin angular momentum degrees of light
fields do not strictly separate.8,18−20 Interconversion between
spin and orbital angular momentum by scattering off of
nanoscale structures thereby ties into chiroptical scattering
properties of handed scattering geometries and quantum
mechanical selection rules in matter.20−23

To generate orbital angular momentum beams, researchers
have on one hand reported lasers that intrinsically generate
beams that carry OAM and, on the other hand, passive optical
elements that transform a regular Gaussian beam. Since in this
work we deal with a new strategy for generating OAM in a
passive device, we refer the reader interested in lasers that
generate OAM to the seminal review papers on OAM24,25 and
henceforth focus purely on passive OAM generation strategies.
For the transformation of a regular free-space homogeneously
polarized Gaussian beam to one that carries OAM, traditionally
spiral phase plates, q-plates (wave retarders with spatially
varying birefringence axes), and liquid crystal spatial light
modulators are inserted in the optical path.26−31 In recent
years, OAM generation has also become a topic of
investigation in nanophotonics, pushed by a growing interest
in chiral plasmonic structures,21,22,32−35 and compact and
broadband dielectric36−39 and metallic metasurfaces.40,41 Two
main philosophies have been to replace spiral phase plates and
spatial light modulators (SLMs) by metasurfaces, or
alternatively to excite surface guided waves in metals that are
outcoupled by geometrically spiralling structures. In a parallel
development, researchers have been pushing for integrated

Received: July 6, 2020

Articlepubs.acs.org/journal/apchd5

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acsphotonics.0c01081
ACS Photonics XXXX, XXX, XXX−XXX

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

A
M

O
L

F 
on

 O
ct

ob
er

 1
5,

 2
02

0 
at

 1
1:

21
:2

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ke%CC%81vin+G.+Cogne%CC%81e"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hugo+M.+Doeleman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philippe+Lalanne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Femius+Koenderink"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.0c01081&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01081?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01081?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01081?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01081?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01081?fig=tgr1&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01081?ref=pdf
https://pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org/journal/apchd5?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


devices whereby single mode waveguided input signals can be
converted to send out free-space beams of specific OAM
values, and conversely incident free-space beams of select
OAM can be converted to on-chip signals. A number of works
reported OAM generation by microdisk and microring
resonators dressed by azimuthally periodic scattering corruga-
tion. These include both OAM laser42−47 and waveguide-
addressed passive devices.48−52

The main distinction to make in these efforts is between
lasing devices on one hand,42−45 where one leverages the gain/
loss to select a single OAM value without its − counterpart,
and waveguide-driven scattering devices on the other
hand.48−52 The common underlying physics is that distinct
OAM orders are generated in direct relation to the number N
of repeating scattering units placed along the azimuthal
direction in a WGM cavity mode of azimuthal mode number
m,48 analogous to the generation of discrete diffraction orders
by gratings. In such schemes, a whispering gallery mode of
azimuthal mode number m dressed by N < m corrugation
scatters results in a superposition of right-handed circular
polarization with OAM m N 1R = − + and left-handed
ci rcu lar polar iza t ion carry ing a different OAM

m N 1L = − − .48

In this work we report devices that generate a single “pure”
OAM state in a single circular polarization channel by
waveguide excitation of a microdisk/microring cavity coupled
to a chain of plasmonic antennas (Figure 1). The difference
with the structures proposed in refs 42 and 50 is that purity is
achieved without any a posteriori filtering by polarizing optics
after generation by the microresonator. We leverage unit cell
engineering, placing multiple plasmonic antennas in the unit
cell of a periodic pattern that builds a ring of corrugations on
the microdisk cavity. Tailoring the orientation, placement, and
polarizability tensor of antennas within a unit cell provides
control over the phase, amplitude, and polarization of
outcoupled light, in the spirit of plasmonic metasurface
physics, but confined to antennas on a ring. We experimentally
demonstrate a simple realization of two different antennas per
unit cell, where each unit cell acts as a source of circularly
polarized radiation. An alternative interpretation is that while
each antenna emits into both the right- and left-handed
circular polarizations, one of the two channels is canceled by
destructive interference while the other is enhanced. This
proposed design can therefore scatter a polarization-pure OAM
state and, by reciprocity, could also be used for OAM-selective
detection and demultiplexing. The design strategy has
implications for on-chip generation of vector vortex beams.
The paper is structured as follows. First, we explain the

general mode structure of microcavities perturbed by antenna
arrays and show that OAM can be generated according to strict
arithmetic selection rules that are independent of whether the
antennas couple significantly with each other, and independent
of the degree to which they perturb the cavity mode. This first
section is provided as a didactic basis to understand the main
results of our paper. Next we explain the strategy for the
generation of beams carrying pure OAM in a single
polarization channel by placing multiple antennas in the unit
cell. Finally we present an experimental realization in a silicon
nitride microdisk resonator platform and dressed by aluminum
antennas, verifying our predictions using interferometric
polarization-resolved back focal plane imaging.

■ MODEL
This section aims to present the mechanisms by which the
radiation pattern of a circular chain of antennas with a phase
pattern varying as ei ϕ contains orbital angular momentum. To
this end, we first consider the general mode structure of
microdisks that are decorated by antenna chains. Next, we
review how the induced dipole moments yield far-field OAM.
We build up from the far-field radiation patterns of continuous
dipole current distributions on a ring to discretization of the
current into N segments. Next, we discuss polarization. Finally,
we propose a design to engineer antenna arrays to obtain
polarization-pure far-field orbital angular selection rules.

Modes of Disk Cavities Coupled to N Antennas.
Previously considered OAM generation by microdisks
decorated with rings of antennas36,42,49,50 generally assumed
the antennas to be nonresonant corrugations driven by
whispering gallery modes of the disk, without considering
coupling between the antennas among each other, or their
perturbing influence on the disk modes. Here, we summarize
the salient mode characteristics if one accounts for antenna−
antenna coupling through the cavity and for cavity
perturbation by the antennas, thereby going beyond a mere
classification of modes enabled by group theory.53−55 This
perturbation analysis is based on quasinormal modes (see the
Supporting Information and ref 56) and extends a significant

Figure 1. Sketch of our proposed design. A microdisk cavity dressed
by a chain of plasmonic antenna and driven by light from a tapered
fiber scatters a beam carrying orbital angular momentum (OAM).
The design of the unit cell (inset) with pairs of antenna in a V or Λ
shape controls the scattering of a beam with OAM yet with pure
circular-polarization. The color in the inset indicates the phase of the
electric field of the cavity whispering gallery mode driving the
antennas. (c, d) Electron micrograph of silicon nitride microdisks,
covered with silicon oxide (glass), on top of which lie aluminum
antennas: (c) radial-type structure with 20 antennas; (d) Λ-type
(antenna pairs in Λ orientation) structure with 2 × 20 antennas. We
highlight the antennas in red for better readability. A glass shadow is
visible under the disks as we used directional evaporation for the glass
layer.
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body of literature on cavity perturbation and sensing.56−61 We
describe a chain of N antennas (assumed identical, and
identically oriented in a cylindrical coordinate frame) as N
polarizable dipole scatterers of polarizability α(ω). Dipole i in
the chain is solely driven by the interaction with all the other
particles in the chain pi = ϵ0α(ω)∑j≠iEj→i. Here, the fields

E G pr r( , , )j i c j i j

2

2 ω= ω
→ are specified by a Green function62

(antenna coordinates rj, all antennas at distance R from

cylindrical axis, at angular positions 2j
j

N
ϕ π= ). The full set of

dipole moments is specified by a linear system

M p E( ) externalω = (1)

with p pp , ,1 2
T= [ ···] and the interaction matrix M(ω) of

symmetric circulant form generated by the vector c = [α−1, g1,

g2, ..., g2, g1], where ( )g G r r( ) , ,n c i i n
2

2ω ω= − ω
+ . Cylindrical

circulant symmetry of the assumed cavity directly implies for
any real or complex frequency, ω, that M(ω) has eigenvectors

that carry OAM (integer
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2
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π π

π

− | | · | |

− | |
(2)

We refer to these eigenvectors as the antenna collective
modes (or “supermodes”) of index k. In order to obtain the
coupled antenna-cavity eigenmodes, one needs to find complex
frequencies ω for which λk(ω) = 0. At this point we focus on
coupling of antennas to a specific pair of whispering gallery
modes at azimuthal mode number ±m. We assume that
coupling to the cavity is sufficiently strong, such that antennas
only couple to each other through the cavity mode. Since the
Green function can always be decomposed on a cylindrical
basis of Floquet modes, this approximation does not change
the main conclusion on selection rules but allows the
simplification of the Green function as

g
c

E
m( )

1
cos( )n

m m

m
n

0
2

2

ω
μ

ω
ω ω

ϕ≈
∼ ̃
− ∼ Δ

(3)

with Δϕn the angular spacing between an antenna and its nth
neighbor. Here, Em̃ and mω∼ are the quasinormal mode profile
and complex-valued eigenfrequency defined in ref 63, where
Em̃ is understood to be the radial component of the normalized
(complex-valued) mode function as the azimuthal part is
assumed to be negligible in our designs.56 Inserting this in
λk(ω) = 0, N antennas modes hybridize with two degenerate
cavity WGM leading to the following mode structure.

(1) Out of N antenna collective (or super-) modes, just a
pair of degenerate modes is relevant as these modes are
the only ones that can (weakly) hybridize with the pair
of cavity WGM. This hybridization gives two high-Q
modes which are perturbed cavity modes, and two low-
Q modes which are perturbed antenna modes. Only the
“cavity-like” modes are relevant in our work since they
couple to the assumed fiber taper cavity input.

2. If m is an integer multiple of N, the two cavity-like
modes are standing wave eigenmodes and are not
degenerate. Indeed, one of them is not coupled to
antenna and therefore not perturbed since antennas are
placed at nodes of its field, while the other is maximally
coupled to the antennas (therefore shifted in frequency
and perturbed in Q) since antenna are exactly at the
antinodes of the field. The complex-valued frequency
shift57 is

N E( ) m
2ω

ω
α ωΔ∼

∼ = − ∼ ̃

i.e., N times the frequency shift and damping rate change
induced by a single antenna.56,57,64

3. If instead N does not fit an integer number of times in m,
the two counterpropagating cavity eigenmodes (OAM ±
m) remain degenerate, both shifted in frequency by

N
E

2
( ) m

2ω
ω

α ωΔ∼
∼ = − ∼ ̃

i.e., with each antenna contributing only half the shift.
The cavity mode ±m is coupled only to antenna mode
∓k if m + k is divisible by N, and to ±k if m − k is
divisible by N.

The practical conclusion for OAM generation is that if the
number of antennas N is chosen not quite equal to m, then the
cavity modes remain degenerate. When just one of the
traveling modes is excited, e.g., by side-coupling to an adjacent
waveguide, the antennas form a discrete ring of dipoles excited
with a phase increment from antenna to antenna that
corresponds to an orbital angular momentum k. An important
assumption is that the perturbation in frequency is small
compared to the frequency spacing between disk modes of
different radial and azimuthal quantum number, so that mixing
is avoided.

Continuous OAM-Carrying Scalar Current Distribu-
tions. Let us consider a ring S of radius R on which a current
distribution j(r) is imposed of constant amplitude, but carrying
a pure phase ei ϕ (with integer ) varying with the azimuthal
position ϕ on the ring65

j z r Rr( ) e ( 0, )i δ∝ = =ϕ
(4)

In a scalar model, this current gives as far-field radiation
pattern FS(k) (scalar far field) a Bessel beam with a single
OAM contribution (k momentum vector of radiated light)

F i J kRk( ) ( ) e ( sin( ))S
i θ∝ − ψ

(5)

where k = ∥k∥, θ is the angle of k with the normal to the ring
plane, and ψ is the azimuth. Mathematically this procedure just
states that the radiation pattern of a current reflects the Fourier
transform of the current distribution. The ring radiates light
according to a Bessel function of the first kind, with a phase
distribution that varies as ei ψ , i.e., as the imposed phase on the
current distribution.

Discrete versus Continuous Distributions. A discrete
current distribution of N sources

( )
( )

j j n

z r R n

r r( ) ( )

e ( 0, )

N n
N

N

i
n
N

N

1
2

1
2

δ ϕ

δ δ ϕ

= ∑ =

∝ = = ∑ =

π

ϕ π

=

= (6)
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is simply the product of a continuous current distribution and
a sum of delta-functions. This sum of delta-function is

N
2π

-periodic in the azimuthal direction and can be expressed as a
Fourier series eq

iqN∑ ϕ
=−∞

+∞ , leading to

j z r Rr( ) e ( 0, )N
q

i qN( )∑ δ∝ = =ϕ

=−∞

+∞
+

(7)

The discretized distribution is therefore equivalent to a
superposition of continuous distribution at all OAM equal to
modulo N. This can be viewed as similar to “aliasing” in

discrete Fourier transforms:65 if one discretely samples a
harmonic signal of order on N points, its sampling is
indistinguishable from that of any harmonic signal with ′ ≡
mod N. It is also analogous to the well-known case of a discrete
grating that approximates a continuous phase distribution of
in-plane wavevector k∥, but which will radiate higher-order
Fourier components as grating orders. The scattering of N
antennas driven by a field with azimuthal dependence ei ϕ

(angular momentum ’) will similarly contain a sum of terms J ’

(kR sin θ)ei ’ϕ with contributions of all orbital angular
momentum of orders ’ qN= + , with q ∈ . In the
following, we will refer to these terms as the fundamental
OAM, and to the sidebands as higher-harmonic orbital angular
momentum. For a high enough number of antennas, these
higher harmonics only contribute far outside the paraxial
direction.
Circular Polarization. Thus far, we have quoted results for

scalar currents radiating scalar fields. The results directly
transpose to radially and tangentially polarized dipole current
distributions of OAM , which will result in linearly radially
respectively azimuthally polarized Bessel beams also of OAM ,
and their higher harmonics. In this work, instead, we are
interested in polarization-pure OAM output results but in
other polarization channels, notably lab-frame left- and right-
handed circular polarization. Dipole current distributions and
beams of OAM can be decomposed in left-handed (LHCP)
and right-handed (RHCP) components, however, not of OAM
but 1± . Figure 2 illustrates this well-known and purely

geometrical effect. For instance, the transverse profile of a
radially polarized beam of given OAM value can be written as

AE x y( , ) ( )eiρ∝ ϕ( cos ϕ, sin ϕ) with A(ρ) a radial ampli-

tude distribution, ei ϕ the OAM-carrying phase-term, and ( cos
ϕ, sin ϕ) the radial unit vector. At azimuthal coordinate ϕ, the
electric field is polarized at an angle ϕ to the horizontal. Since a
linear vector at arbitrary angle β from the horizontal
decomposes as linear superposition of left- and right-handed
basis vectors that contribute with opposite phase factors e±iβ

(cf. Figure 2a), the additional phase dependences add up to the
RHCP and LHCP phase profile and lead to the fact that the
radially polarized beam of OAM actually decomposes in,
respectively, 1+ and 1− RHCP and LHCP contributions
(Figure 2b). Instead of phrasing the argument for electric field
polarization in a beam, one can also phrase it in terms of
antenna polarization axis. This means that, for a cavity
decorated by a ring of N radially oriented antennas driven
by a radial cavity field of OAM , each antenna is equivalent to
the superposition of a right- and a left-handed circularly
polarized dipole radiator with excitation respectively propor-

tional to e( 1) nβ+ and e( 1) nβ− , where βn is the azimuthal position

of antenna n and therefore also its orientation. Some authors
view this result, which essentially comes from the basis
transformation from cylindrical to Cartesian coordinates, as
conservation of total angular momentum whereby the sum of
OAM and spin (+1 for LHCP, −1 for RHCP) must be the
same for both polarization channels20 for a source distribution
with no intrinsic spin.

Generating Pure OAM in a Single Circular Polar-
ization State. We now turn to the main idea of the paper,
namely, to apply unit-cell polarizability tensor engineering to
control output polarization, i.e., to generate labframe-polar-
ization pure OAM beams. Regular arrays of radially polarized
antennas driven by a single OAM (cavity WGM) are
equivalent to a superposition of circularly polarized dipoles
with opposite handedness and different OAM that will
simultaneously scatter beams in both left and right circular
polarization, but also with different OAM (and their
harmonics). Inspired by the complex unit cells of phase
gradient metasurfaces,66 one can incorporate multiple antennas
in each unit cell and engineer the resultant superpositions of
polarization by controlling the spacing and orientation of
antennas within the unit cell.
We show that one can obtain a target OAM of value that is

of pure circular polarization as the output beam using a
whispering gallery mode of azimuthal mode number m and a
total of N scattering unit cells such that N m= − , but having
two instead of one antenna per unit cell to obtain polarization
control. The design is sketched in Figure 3, where essentially
two interspersed arrays of N antennas are placed on a ring, one
array with antennas rotated by +45° from the radial direction,
and the second rotated by −45°. The two arrays are placed at
the same radial distance from the center of the cavity, but
azimuthally shifted by an angle Δϕ. The rationale of this
design rests on the fact that when the linear polarization of a
dipole current distribution is rotated by an arbitrary angle β
with the radial direction, there is a global phase slip between
the right- and left-handed polarization, as shown in Figure 2a.
Therefore, one can cancel out one of two circular polarizations

Figure 2. (a) A linear electric field vector oriented at angle β relative
to the x-axis decomposes as a superposition of left- and right-handed
contributions that carry a phase ±β, since in Cartesian coordinates

L R(cos , sin ) (e e )/ 2i iβ β = | ⟩ + | ⟩β β− with L R i, (1, )/ 2| ⟩ = ∓
the LHCP and RHCP Jones vectors. (b) A radially polarized beam
that appears to carry OAM when the field is expressed in cylindrical
coordinates (radial field ∝ ei ϕ, yet azimuthal field component
identically 0) decomposes as two opposite helicity beams that do not
have OAM 2= but 1R = + and 1 1R = + = + for RHCP
and LHCP, respectively, owing to the fact that the radial basis vector
rotates around the beam axis.
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by interspersing two arrays, one with antennas rotated by β =
+45°, and the other by β = −45°, and engineering the phase
delay introduced by the spatial offset Δϕ for destructive
interference between the two radiated fields.
The design proposed in Figure 3 is easy to analyze, assuming

antennas are polarized by a cavity WGM of mode number m
(radial field varying as eimϕ). For N unit cells, one obtains the
fundamental OAM m N= + and the harmonics

m qN′ = + , with q ∈ , with the net dipole moment per
unit cell decomposed in labframe right- and left-handed
components as

l

m

oooooooo

n

oooooooo

i
k
jjjj

y
{
zzzz

i
k
jjjj

y
{
zzzz

p
m

p
m

( ) e cos
( )

2 4

( ) e cos
( )

2 4

R
i

L
i

,
( 1)

,
( 1)

ϕ ϕ π

ϕ ϕ π

∝ − ′ Δ −

∝ − ′ Δ +

ϕ

ϕ

′
′+

′
′−

(8)

Focusing on the fundamental OAM harmonic only, in order
to only have right (left)-handed light radiated into the far field,
it suffices to remove the left (right)-handed source component
by adjusting the antenna spacing Δϕ to ( )

N2
− π . This leads to

so-called “V-type” structures with
N2

ϕΔ = − π , and “Λ-type”
structures with

N2
ϕΔ = + π (Figure 3) that, respectively, cancel

right- and left-handed polarization. The choice of Δϕ can be

understood as requiring the two orthogonal dipoles in one unit
cell to radiate with a ±π/2 phase difference, i.e., as a purely
circular dipole. In more microscopic detail, the second dipole is

m
N2

± π delayed/advanced compared to the first inside the

cavity mode profile, because the driving is delayed. Because it
is also rotated by

N2
± π , it emits the OAM of m N= + with a

phase advance of l
N2

± π , and therefore, the accumulated phase

delay of the contribution of the second antenna compared to
the first one is m l( )

N2 2
± − = ±π π .

Predicted Radiated Fields. Figure 4 shows calculated
radiation patterns that illustrate the proposed control over
OAM and polarization purity. We calculate the far field
radiated by the ensemble of N unit cells (single dipoles or
dimers) following the design rules for radial-type, V-type, and
Λ-type structures. We account for the driving by a radially
polarized cavity field of azimuthal number m by fixing the
driving of each dipole i placed at the azimuth ϕi to E ei

im i∝ ϕ+ .
We construct the radiation pattern by superposition of free
space dipole radiation patterns, meaning that we ignore any
modification that the cavity has on far-field radiation patterns
of each single antenna, which is a reasonable assumption for
cavities with cylindrical symmetry which does not perturb
OAM content. We assume a radius of 2 μm for the array of
dipoles and present phase and intensity profiles of the scattered
field in both circular polarization channels, obtained for m = 22
and N = 20 unit cells, for the radial-type, V-type, and Λ-type
structures. Intensities in LHCP and RHCP are normalized to
the maximum of the total intensity and follow a Bessel function
dependence as predicted by eq 5. The Bessel function changes
sign when going through its radial nodes, thus explaining radial
phase jumps of ±π. Figure 4 clearly shows that the simple
radial antenna structure scatters light into both helicity
channels, whereas the V- and Λ-type structures favor,
respectively, LHCP and RHCP. For all structures where the
LHCP channel carries intensity, it exhibits a central phase

Figure 3. (a) Sketch of a disk dressed with N pairs of antennas. In
each pair, antennas are rotated by +45° and −45° from the radial
direction and separated by an angle Δϕ (center to center). (b) We
propose three geometries for our experiment: radial orientation, V-
type, and Λ-type.

Figure 4. Calculated phase and intensity of radiated OAM beams for WGM mode number m = 22 coupled to N = 20 dipoles regularly positioned
at a radius 2 μm. Panels a, b, g, and h (2 leftmost columns) correspond to a radial I-type structure; panels c, d, i, and j (middle columns) to a V-type
structure; and panels e, f, k, and l (rightmost columns) to a Λ-type structure. Panels a−d (top row) are obtained for left-handed circular
polarization (LHCP) and panels e−h (bottom row) for right-handed circular polarization (RHCP). For each structure and polarization channels,
we plot the intensity (left image) and phase profile (right image). The intensity profile follows a Bessel dependence as predicted by eq 5. The Bessel
function changes sign pseudoperiodically, thus explaining radial phase jumps of ±π at the nodes’ intensity profiles. We observe that, for the radial
structure (a, g), both polarizations have similar intensity, whereas for the V- and Λ-type structures, respectively, left (c, i) or right (e, k) polarization
is favored. For all structure types, we observe in panels b, d, and f that the left polarized channel exhibits a central phase singularity corresponding to
an OAM of m N 1 1L = − − + , and in panels h, j, and l that the right polarized channel exhibits a central phase singularity corresponding to an
OAM of m N 1 3R = − + = + .
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s i n g u l a r i t y c o r r e s p o n d i n g t o a n OAM o f
m N 1 1L = − − = + , whereas RHCP exhibits an OAM of
m N 1 3R = − + = + exactly as expected. The parasitic

higher-order OAM that is due to the finite number of radiating
unit cells can be observed in all phase profiles as phase and
amplitude modulation in the azimuthal direction for the
highest wave-vectors, commensurate with the fact that high
OAM contributions correspond to high-order Bessel beam
contributions.

■ EXPERIMENTAL REALIZATION

Design and Fabrication. We have realized the proposed
design in a platform of Si3N4 microdisks driven by a tunable
narrowband laser through a tapered fiber and mounted in an
interferometric Fourier microscope to observe the far-field
scattering of antenna arrays that decorate the disks. The
precise design parameters, i.e., disk diameter, radial positioning
of the antennas, and the vertical spacing of the antennas to the
disk through a low index spacer, have been optimized by finite
element simulations. These parameters trade off optimum
placement in the TE mode profile, decoupling from the TM
modes and retention of appreciable Q-factors, and matching of
the far-field pattern to the numerical aperture and resolution of
our Fourier microscopy setup. The antenna material and
dimensions were optimized to ensure a strongly anisotropic
polarizability for each rod, in interest of the scattering contrast.
Optimization results are given in the Supporting Information.
The device fabrication (Methods section) resulted in 200 nm
thick Si3N4 disks with diameters in a small range around 4 μm
diameter to target m ∼ 20−25 azimuthal mode numbers, with
aluminum nanorod antennas lifted approximately 110 nm from
the top of the disk to limit their effect on the cavity Q. The
antennas are near-resonant with the cavity to allow for a large
polarizability anisotropy |αlong/αshort|

2 > 100. Example devices
are shown in Figure 1c,d.
We use tapered fiber excitation with a narrowband external

cavity tunable diode laser and perform high-NA (numerical
aperture, NA = 0.95) phase-resolved Fourier imaging of the
radiation pattern as shown in Figure 5a. To this end, we
recombine on a CCD camera the Fourier image with an
expanded reference beam to record an interferogram. By using
an unbalanced interferometer, we can scan the phase delay
over ca. 6π in 200 steps by slightly detuning the laser frequency
(see the Methods section). With the fabricated samples, the
only fundamental radial TE mode in the range of our tunable
laser (λ = 765−781 nm) is m = 22. This mode is always
measurable for two different disk sizes in each set of 5 different
sizes that we fabricated (target of 1.96, 1.98, 2.00, 2.02, and
2.04 μm radii). We therefore interrogate devices with N = 19−
23 unit cells of radial-type, V-type, and Λ-type structures,
thereby expecting to generate OAM −2 to +4. Disks without
any antenna have a quality factor Q ≈ 2 × 104, which drops to
around 500−1000 with antennas (ca. 1 nm line width).
Figure 5 documents the measurement protocol on a single

device with N = 19 scattering unit cells. As a first step, we
record the intensity profile of the analyzed beam (Figure 5b)
and the reference beam (Figure 5c). Then, we record a set of
200 interferograms over a total 6π phase increment (examples
shown in Figure 5d,e). The radiation pattern shows a ring type
structure, with the main lobe at an aperture of about |k∥|/k0 =
0.4, consistent with the notion that nonzero OAM implies a
higher-order Bessel function as the radial profile. The

interferograms show a distinct two-arm spiral structure that
is characteristic for a beam carrying OAM of 2= ±
interfering with a reference beam of parabolic phase front.
As we change the phase difference between the signal and
reference beam, the spiral rotates around the center k∥/k0 = 0
of the radiation pattern (compare Figure 5d and Figure 5e).
The direction of rotation indicates the sign of the OAM. While
the presence of a spiral in interferograms qualitatively indicates
OAM, a full modal decomposition is required. This requires
first reconstructing the full amplitude and phase from the
interferograms, and subsequently calculation of the projection
of this measured complex-valued field on OAM.
To reconstruct the required full phase and amplitude, we for

each structure quantitatively analyze the sets of 200 interfero-
grams per structure and per polarization channel using
principal component analysis (PCA).67 We present in Figure
6 the complete analysis of such a data set: i.e., phase and
intensity profiles of the scattered field in both circular
polarization channels. Figure 6 reports data for the case of m
= 22 and N = 20, for three devices, i.e., for the radial-type

Figure 5. (a) Sketch of experimental setup. A narrowband tunable
diode laser (λ = 765−781 nm) is coupled into the antenna-dressed
microdisk via a tapered fiber. The radiation pattern is collected from
the top by a 0.95 NA objective, polarization analyzed using quarter
wave plate (QWP) and linear polarizer (LP), and recombined with a
reference beam to record interferometric Fourier images. (b−e) Raw
experimental data: (b) Fourier image of the far-field intensity radiated
in left-handed circular polarization (LHCP) by a cavity of radius 2
μm, dressed by N = 19 pairs of antennas for the V-type structure, at
resonance for a WGM m = 22 at λ = 772.5 nm. (c) Fourier image of
the intensity (in LHCP) of the reference beam used for
interferometric phase retrieval. (d, e) Interferograms obtained when
combining reference and analyzed beam for two different phase
delays. The two-armed spiral confirms the generation of a beam of
OAM m N 1 2= − − = + for LHCP.
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(Figure 6a,b,g,h), V-type (Figure 6c,d,i,j), and Λ-type (Figure
6e,f,k,l) structures. The radial structure scatters as much light
in left-handed circular polarization (LHCP) as in right-handed
circular polarization (RHCP) (Figure 6a,g). On the other
hand, the V-type structure clearly favors LHCP over RHCP,
and we only observe weak speckle noise in the RHCP channel.
The Λ-type structure dominantly outputs into RHCP over
LHCP (Figure 6e,k), however, not canceling out LHCP
completely down to a speckle noise level. Additionally, we note
that the opening angle of the radiation pattern in the LHCP
channel (Figure 6a,c,e) is smaller than for the RHCP channel
(Figure 6g,i,k). This is commensurate with the notion that, for
the considered geometry, the RHCP channel is expected to
carry an OAM of m N 1 3R = − + = + , higher than for
LHCP with m N 1 1L = − − = + . By analyzing the phase
profiles, we indeed confirm that LHCP (Figure 6b,d,f) exhibits
a central phase singularity of charge equal to the expected
OAM of 1L = + . Less evidently, for RHCP, Figure 6h,l
suggests an OAM of +3. However, closer inspection shows not
a single singularity of charge +3, but rather 3 singularities of
charge +1. These stem from the splitting of the single expected
charge 3R = + and directly indicate that, likely due to sample
and measurement imperfections, the radiation pattern suffers
from the admixture of (small) terms that do not carry OAM =
3. Modal decomposition on an OAM basis is the tool of choice
to quantify the finite purity of the radiation pattern that is only
qualitatively evident from inspecting Figure 6.
We perform a modal decomposition of the measured

complex-valued radiation diagrams. To this end, we employ
the projection method reported by D’Errico68 for the general
analysis of OAM content in beams. We first calculate the
Fourier coefficients

c F( )
1

2
( , )e ds

i

0

2
∫ν

π
ν ϕ ϕ=

π
ϕ−

with respect to the azimuthal angular variable ϕ, where ν ≡
∥k∥∥/k0 and Fs(ν, ϕ) indicate the measured amplitude and
phase profile of the Fourier pattern. This overlap directly
projects on OAM yet still depends on k∥, i.e., on the radial
dependence of the field that is evident in the data in Figure 6,
which physically corresponds to the polar angle θ at which
light is radiated. To obtain the OAM modal decomposition, we
take the square modulus of c and integrate out the radial
dependence over the collection NA

P c ( ) d
0

NA
2∫ ν ν= | |

To illustrate the outcome of this modal decomposition
procedure, Figure 7 reports histograms of OAM modal content
P for devices with m − N = −1, putting radial-type, V-type,
and Λ-type structures alongside each other as Figure 7a−c,
respectively. For each device, we measure LHCP and RHCP
separately, which are separately reported (blue (red) columns
at left (right) of pyramid plot for LHCP (RHCP)). Since the
total radiated power is the sum of LHCP and RHCP, we report
histograms of P normalized to the sum of P over all and
polarization channels. This per-device procedure serves to
normalize out differences in total radiated power between
devices that occur due to variations in taper−cavity coupling
strength. As expected, the radial antennas radiate approx-
imately equal amounts in the LHCP m − N − 1 and RHCP m
− N + 1 channel, while the V-type system is strongly biased to
radiate only in the LHCP m − N − 1 channels (93:7 ratio to
the suppressed RHCP m − N + 1 channel), while the Λ-type
unit cell conversely favors the RHCP m − N + 1. These
histograms clearly make evident the expected OAM-spin
selection rules. At the same time, it is clear that for all devices
also all other OAM channels contain some radiation, without a
clear preference for a particular OAM value. We attribute this
background to imperfections in our sample and measurement.
In particular any roughness and antenna size variation

Figure 6. k-space distribution of intensity and phase distribution in the far field radiated by waveguide-driven devices with microdisk radius 2 μm,
operating at WGM azimuthal quantum number m = 22, and with N = 20 unit cells, as reconstructed from interferometric Fourier microscopy. The
top row of diagrams (panels a−f) refers to detection in the LHCP polarization channel, while the bottom row is for RHCP detection. Panels a and
g and panels b and h, respectively: intensity and concomitant phase for a device with radial antennas (single antenna per unit cell). Panels c and i
and panels d and j, respectively: intensity and phase for device with V-type unit cells. Panels e and k and panels f and l, respectively: intensity and
concomitant phase maps for Λ-type structure. In all diagrams, the x- and y-axes correspond to parallel momentum (kx, ky)/ = k0 sin θ( cos ϕ, sin ϕ)
with θ and ϕ the polar and azimuthal angle in the radiation pattern, normalized to k0 = ω/c. The images span the microscope NA of 0.95. The
intensity maps have a common color scale. The observations are similar to the calculated radiation pattern in Figure 4. However, for the right-hand
circular polarized channel, the expected charge of m N 1 3R = − + = + is actually split into 3 charges +1 due to imperfections of our sample and
measurements for panels h and l. Due to the cancellation of the right-hand circular polarization by the V-type structure, we only observe a speckle
noise pattern in panels i and j.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://dx.doi.org/10.1021/acsphotonics.0c01081
ACS Photonics XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acsphotonics.0c01081?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01081?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01081?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01081?fig=fig6&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01081?ref=pdf


translates into random scattering, or equivalently into a speckle
pattern which composes in a wide distribution of parasitic
OAM contributions. The sum total of the desired OAM
contribution relative to all parasitic terms is around 68:32 for
the set of samples reported on in Figure 7.
To compare the performance in selectively generating OAM

and polarization across many devices, we determine OAM
modal decomposition histograms such as the one shown in
Figure 7 for devices with varying m − N, spanning the range
−1, 0, ... 3 and encompassing radial-type, V-type, and Λ-type
antennas (see the Supporting Information, Figure S4, for
histograms for all devices). Figure 8 compiles the resulting
histograms in a false color plot, so as to put devices with
increasing m − N alongside each other for direct comparison.
In each false color plot, a single column represents a single
device, with the OAM decomposition values P for each device
again normalized to their sum over all OAM and both
polarizations. We plot the LHCP and RHCP detection
channels separated into the top row (Figure 8a−c) and the
bottom row (Figure 8d−f) of false color plots. For the radial
antenna case, systematically approximately equal amounts of
LHCP and RHCP far field are generated, dominantly in OAM
m − N − 1 for LHCP and m − N + 1 for RHCP as expected
from the selection rule. These contributions are visible as the
dominant diagonal features displaced vertically by ∓1 from the
red dashed diagonal that represents N m= − . The ratio of
these contributions is 50:50 ± 10 averaged over devices (error
reports standard deviation, i.e., variability between devices).
The summed strength of these two contributions compared to
the background that is due to sample imperfections is 69:31 ±
6. For the V-type unit cell, the RHCP channel is strongly
suppressed as expected, while the emission in the expected
OAM = m − N − 1 channel in LHCP is boosted. These
channels stand in a 95:5 ± 2 ratio averaged across devices,
highlighting the excellent suppression by destructive interfer-
ence with this unit cell design. The Λ-type antennas clearly
favor right-handed polarization, although they are systemati-
cally less efficiently than the V-type structures with a 19:81 ±

12 ratio between OAM m − N − 1 in LHCP and m − N + 1 in
RHCP. As is the case for the radial-antenna design, the
performance is limited by disorder-induced scattering, with
parasitic OAM channels accounting for between 30% and 40%
of radiation. This comparatively high number is the aggregate
result of imperfections in the setup (speckle generated in
optics downstream of the sample, as well as scattering in the
fiber taper region that is in the microscope field of view, but
away from the device) and actual device performance limits.
For the devices themselves, we envision that particularly
roughness of the dielectric covering the disks and size
fluctuations in the antennas limit performance. Aside from
improved fabrication strategies, a possible path to improve-
ment could be to work with larger-radius structures, as
increasing the number of unit cells could boost coherent
addition into desired OAM channels over the effect of
disorder. This strategy will, however, face a trade-off with the
concomitant resulting smaller beam diameters: larger radii may
cause higher-order OAM from the OAM-comb that is intrinsic
to discrete OAM generators to appear more dominantly, and
closer to k = 0. Another parameter that would increase the
ratio of OAM to undesirable background from, e.g., the taper
region and cavity roughness is to increase the cavity−antenna
coupling strength by reducing the taper thickness. From the
perspective of waveguide-addressed OAM generation and
detection, we note that it would be desirable to benchmark the
overall efficiency from waveguide to far-field OAM. Unfortu-
nately a manual fiber tapering approach prevents such a
quantification. The desirable integration scenario would be to

Figure 7. Modal decomposition diagram reporting OAM content P
(bar lengths, horizontal axes) versus OAM index (vertical axis) for
radial-type, V-type, and Λ-type structures as panels a−c, all with m −
N = −1. In each panel, the left-hand bars (blue) represent LHCP
polarization and the right-hand bars (red) RHCP. The histograms are
normalized such that for each device the sum of Pl over all and both
polarizations (sum of red and blue bars) is unity. The selection rule at
m − N = −1 requires OAM = −2 and 0, respectively, for LHCP and
RHCP. In all three panels, the sum of these two contributions
accounts for over 60% of radiation. The ratio between these two is a
measure for the successful suppression of one OAM channel by unit
cell design.

Figure 8. Measured modal decomposition onto OAM for
microdisks (WGM azimuthal quantum number m = 22) dressed by
rings of nanoantennas with N = 19−23 unit cells of radial I, V-type,
and Λ-type designs. Panels a−c correspond to LHCP, while panels
d−f report on RHCP detection. (a, d) Radial I-unit cells, (b, e) V-type
structures, and (c, f) Λ-type unit cells. In this representation, each
single column represents an individual device, with the modal
decomposition coefficient P (see example Figure 7) given by the false
color value. Each column is normalized to the sum over RHCP and
LHCP and all OAM values. The dashed red lines indicate

m N .= − The data confirm the following OAM selection rules:
(a) For radial antennas, the produced OAM is systematically equally
distributed over m N 1L = − − and m N 1R = − + . (b) The
RHCP m N 1R = − + channel is suppressed for V antennas, while
the m N 1L = − − channel is canceled in Λ-type structures.
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include the waveguide in the lithography, and to ensure that
critical coupling is met. Since the cavity Q is limited by
coupling to the antennas, efficiencies at least as high as the
antenna albedo should be reachable. Finally, we note that for
the case m = N one would not necessarily expect a strong
polarization selectivity since in this case the degeneracy of the
cavity mode is lifted, and the WGM modes split into standing
waves, only one of which couples strongly to the antennas. The
standing wave character means that the phase delay between
the two antennas in a unit cell is no longer pinned at the value
required for circular polarization. While Figure 8c−f shows this
feature for the Λ-antenna, it is surprising that the V-antenna
case in Figure 8b−e does not. We attribute this to fabrication
imperfections in the particular device, which according to
scanning electron microscope inspection happened to have a
few deficient antennas, thereby breaking symmetry. For the
interrogated cavity in Figure 8c−f, we verified with
spectroscopic measurements that we indeed have a lifted
degeneracy, with one high-Q mode (Q ≈ 104) and a lower-Q
one (Q ≈ 800), while the case in Figure 8b,e did not.

■ CONCLUSION AND OUTLOOK
In conclusion, we have demonstrated a new strategy for
polarization-pure generation of single-OAM value beams by
means of waveguide-addressed microdisk cavities. While
OAM-pure output from microdisk cavities decorated with
scattering units was demonstrated previously in microdisk
lasing scenarios, these implementations rely on carefully
designed spin−orbit coupling52 and are therefore not trivial
to achieve. The main mechanism that we leverage is unit cell
polarizability tensor engineering adapted to the driving WGM
cavity field, loosely in the spirit of phase gradient metasurface
unit cells. A limitation that is common to all methods that
generates OAM from a discrete set of radiators is that the main
OAM is accompanied by a comb of parasitic higher-order
OAM values. If the number of antennas is high enough, these
higher harmonics carry phase singularities of charges which are
too high to be observed in the paraxial direction. In our
experiment, fabrication disorder is the dominant limiting
factor, instead of parasitic higher-order OAM values due to the
discreteness of the antenna chain.
As an outlook, we envision that unit cell engineering

provides many more degrees of freedom for engineering a rich
set of vector beams. For instance, there is significant interest in
vector vortex beams constructed as linear combinations of
orthogonal, circularly polarized beams of different topological
charges (OAM),69,70 of interest for, for instance, microscopy,
optical forces, trapping and manipulation, and quantum optics
with entangle single photons. Such beams are describable by
higher-order Poincare ́ spheres (linear combinations of
orthogonally circularly polarized beams of generally different
OAM). The structures examined in this work could be
generalized to realize particular subsets of this space of beams.
For instance, linear combinations of orthogonally circularly
polarized beams of opposite-sign OAM are available by
addressing the waveguides from two ports simultaneously.
One can further envision multiplexing rings of different
numbers of antennas on a single disk, as well as inserting
twists from unit cell to unit cell in the antenna orientation. We
envision that such schemes could be used to dynamically tune
vectors beams, e.g., in sorting applications for tiny particles or
enantiomers, through the coherently controlled waveguide
addressing of microdisk−antenna units.

■ METHODS

Nanofabrication. We used a two-step electron-beam
lithography method to realize Si3N4 disks, hybridized with
aluminum antennas placed on top of the cavity.56,71 First, we
fabricate Si3N4 (n 2.0Si N3 4

≈ ) microdisks on silicon pedestals.
Our fabrication is limited to a fixed 200 nm thickness, and we
choose diameters in a small range around 4 μm diameter to
target m ∼ 20−25 azimuthal mode numbers. We evaporate a
110 nm glass spacer (nglass ≈ 1.5) on top of the disk to lift the
antennas out of the cavity mode, thereby reducing the Q-
deteriorating perturbation strength of our arrays of antennas.
The optimum placement in TE modes of the fundamental
radial is at 230 nm from the edge of the disk (cf. Supporting
Information). Antennas are made by lift-off, using thermally
evaporated aluminum to obtain ≈140 nm long, ≈30 nm thick,
and ≈40 nm wide antennas. Such antennas are expected to be
near-resonant to allow for a large polarizability anisotropy
|αlong/αshort|

2 > 100, but somewhat blue-detuned from our
cavities operating at 765−781 nm to mitigate the broadening
of cavity resonances (full wave calculations with optical
constants from ref 72 described in the Supporting
Information). Using scanning electron micrographs (SEMs),
we quantify an excellent yield of antennas present on the
sample after fabrication above 97.5% (cf. Figure 1c,d).

Interferometric Fourier Microscopy. We use tapered
fiber excitation (Corning HI 780C, pulled to a taper on a H2
flame) and perform high-NA (NA = 0.95) phase-resolved
Fourier imaging of the radiation pattern as shown in Figure 5a.
A New Focus Velocity diode laser operating at 765−781 nm
ensures that we can tune to specific WGM modes. The light
collected through an IR objective of NA = 0.95 is recombined
with a reference beam onto a circular polarization analyzer
consisting of a quarter wave plate, followed by a linear
polarizer. The interferogram is then recorded by a CCD
camera. The reference beam has a relatively homogeneous
intensity over the camera, but a parabolic phase front of which
we align the center approximately to the center of the objective
NA. For phase fronts with pure OAM, the interferogram
should therefore exhibit spirals with the number of arms equal
to the OAM of the investigated beam.36 While one could
extract phase from a single interferogram by digital off-axis
holography,32,68,73 we instead use on-axis interferometry. We
measure a set of interferograms with varying phase differences
between reference and analyzed beams.
To this end, we unbalanced the interferometer arms in the

optical path length, so that slight variations of the excitation
wavelength (<1 pm, much less than the dressed cavity line
width) vary the reference phase. An optical path difference of
order 50−60 cm yields a 6π phase shift for δλ = 0.5 pm at a
wavelength of λ = 780 nm. For each measurement sequence,
our protocol is to first find the resonance of the dressed cavities
in the scattering spectrum. Then, we set the circular
polarization analyzer to left-handed polarization, measure the
intensity of the emitted beam and reference separately, and
then recombine the two beams and record 200 interferograms
with a phase delay varied from 0 to 6π (3 fringes). We then
repeat the procedure for right-handed polarization.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01081.
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